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Abstract. Accurate and temporally resolved ﬁelds of free-
troposphere ozone are of major importance to quantify the
intercontinental transport of pollution and the ozone ra-
diative forcing. We consider a global chemical transport
model(MOdèledeChimieAtmosphériqueàGrandeÉchelle,
MOCAGE) in combination with a linear ozone chemistry
scheme to examine the impact of assimilating observations
from the Microwave Limb Sounder (MLS) and the Infrared
Atmospheric Sounding Interferometer (IASI). The assimila-
tion of the two instruments is performed by means of a vari-
ational algorithm (4D-VAR) and allows to constrain strato-
spheric and tropospheric ozone simultaneously. The analy-
sis is ﬁrst computed for the months of August and Novem-
ber 2008 and validated against ozonesonde measurements to
verify the presence of observations and model biases. Fur-
thermore, a longer analysis of 6 months (July–December
2008) showed that the combined assimilation of MLS and
IASI is able to globally reduce the uncertainty (root mean
square error, RMSE) of the modeled ozone columns from 30
to 15% in the upper troposphere/lower stratosphere (UTLS,
70–225hPa). The assimilation of IASI tropospheric ozone
observations (1000–225hPa columns, TOC – tropospheric
O3 column) decreases the RMSE of the model from 40 to
20% in the tropics (30◦ S–30◦ N), whereas it is not effec-
tive at higher latitudes. Results are conﬁrmed by a compar-
ison with additional ozone data sets like the Measurements
of OZone and wAter vapour by aIrbus in-service airCraft
(MOZAIC) data, the Ozone Monitoring Instrument (OMI)
total ozone columns and several high-altitude surface mea-
surements. Finally, the analysis is found to be insensitive
to the assimilation parameters. We conclude that the com-
bination of a simpliﬁed ozone chemistry scheme with fre-
quent satellite observations is a valuable tool for the long-
term analysis of stratospheric and free-tropospheric ozone.
1 Introduction
Tropospheric ozone (O3) is the third most important gas in its
contribution to the global greenhouse effect after CO2 and
CH4 (Solomon et al., 2007). It is also a major pollutant in
the planetary boundary layer, with adverse effects on humans
health (Brunekreef and Holgate, 2002) and plants (Avnery
et al., 2011). Its production is mainly driven by emissions
of primary pollutants such as nitrogen oxides (NOx), carbon
monoxide (CO) and volatile organic compounds (VOCs),
followed by photolysis and nonlinear chemistry reactions
(Seinfeld and Pandis, 1998). Since it has an average lifetime
of about two weeks, it can be efﬁciently transported for sev-
eral thousands of kilometers in the free troposphere (Zhang
et al., 2008; Ambrose et al., 2011). Quantifying the impact of
tropospheric ozone transport is especially important for those
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countries that, despite air-quality related regulations, expe-
rience a signiﬁcant ozone background increase (Jaffe and
Ray, 2007; Tanimoto, 2009). Moreover, intrusions of ozone-
rich air from the stratosphere via stratosphere–troposphere
exchanges (STE) are among the principal causes of high
free-troposphere ozone episodes (Stohl et al., 2003; Barré
et al., 2012). Therefore, a precise characterization of both
low-stratosphere and tropospheric ozone is required to prop-
erly quantify ozone transport.
Ozonesondes provide observations of tropospheric and
stratospheric ozone with high vertical resolution (Komhyr
et al., 1995), but their geographical distribution is sparse and
they are not very frequent in time. Satellite observations of
ozone are available since the early 70s (Fioletov et al., 2002)
but they provided mainly stratospheric ozone proﬁles or to-
tal columns. Since the stratospheric ozone concentration is
higher than the tropospheric one by several orders of mag-
nitude, total column retrievals do not provide a strong sen-
sitivity to tropospheric ozone. Several studies derived tro-
pospheric ozone columns by means of subtracting the mea-
sured stratospheric amount from the total column (Ziemke
et al., 2006; Kar et al., 2010; Yang et al., 2010). However,
these techniques are limited by the difﬁculties that arise from
combining data from instruments with different calibration
and spatiotemporal resolutions (Ziemke et al., 2011). The
latest generation of thermal infrared spectrometers, onboard
low Earth orbit (LEO) satellites, is able to capture the tro-
pospheric ozone signature (Eremenko et al., 2008; Boynard
et al., 2009; Barret et al., 2011; Tang and Prather, 2012).
The Tropospheric Emission Spectrometer (TES) provides for
example almost two pieces of independent information (de-
grees of freedom for signal, DFS) in the troposphere (Zhang
et al., 2010) with a global coverage in 16 days. The Infrared
Atmospheric Sounding Interferometer (IASI) allows a daily
global coverage at very high spatial resolution (12km for
nadir observations), with a slightly reduced number of tro-
pospheric DFS (∼1, Dufour et al., 2012), although the DFS
value might also be sensitive to the choice of the tropopause
height and the retrieval technique. In general, satellite data
permits to catch major features of ozone tropospheric distri-
bution(Ziemkeetal.,2009;Hegartyetal.,2010;Barretetal.,
2011) but observation frequency and data gaps (e.g., due to
clouds) do not allow a complete view of the underlying dy-
namics at short timescales (e.g., hours).
Chemical transport models (CTM), through data assimila-
tion (DA), can ingest information from satellite observations
in a coherent way (e.g., by considering the vertical sensitiv-
ity of the instrument) and use them to update the modeled
3D ozone ﬁeld. Likewise, satellite retrievals themselves are
normally based on the inversion of the measured radiance
data with a variational approach, thus requiring an a priori
proﬁle from a model or a climatology as ancillary input (Es-
kes and Boersma, 2003). Data assimilation of stratospheric
ozone proﬁles, total columns or ozone sensitive radiances
is nowadays well integrated in operational meteorological
models(Jackson,2007;Deeetal.,2011),whicharegenerally
based on simpliﬁed ozone chemistry schemes (Geer et al.,
2007). Assimilation of satellite O3 products has also been
investigated in a number of studies with CTMs including
comprehensive chemistry schemes (Geer et al., 2006; Lahoz
et al., 2007b; van der A et al., 2010; Doughty et al., 2011).
Furthermore, chemical data assimilation is becoming more
and more part of operational services, as demonstrated by
projects like the Monitoring Atmospheric Composition and
Climate initiative (MACC, Inness et al., 2013).
Parrington et al. (2008, 2009) and Miyazaki et al. (2012)
assimilated TES data to constrain tropospheric ozone. In
most of the cases the bias of the respective models with re-
gards to ozonesonde data is reduced. Few studies explored
the assimilation of ozone data from IASI, which is the only
sensor sensitive to tropospheric ozone and with a global daily
coverage (night and day). Increasing IASI sampling with re-
spect to TES might improve even more the analysis scores by
betterconstrainingtheozonedynamicsofthemodel.Massart
et al. (2009) assimilated IASI total columns but did not use
averaging kernel information to separate tropospheric and
stratospheric signals. Han and McNally (2010) assimilated
IASI radiances in the European Centre for Medium-Range
Weather Forecasts (ECMWF) 4D-VAR system and found
a better ﬁt of the analysis to ozone proﬁles from the Mi-
crowave Limb Sounder (MLS), but effects on tropospheric
ozone were not discussed. Coman et al. (2012) and Barré
et al. (2013) assimilated IASI 0–6km ozone columns in two
regional CTMs during a summer month and found improved
ozone concentrations with respect to aircraft and surface
data, but the limited availability of ozonesonde data did not
allow to draw robust conclusions for the free troposphere. To
ourknowledgethereisstillnostudythatexaminedtheassim-
ilation of IASI tropospheric ozone columns globally and for
long periods. Moreover, the combined assimilation of gener-
ally accurate MLS proﬁles in the stratosphere (Massart et al.,
2012) and IASI tropospheric columns is supposed to better
constrain the ozone gradients at the tropopause and the ozone
exchanges between the two layers. Finally, CTMs that use
detailed chemistry schemes are numerically more expensive
than those using simpliﬁed linear schemes for the ozone and
require emission inventories, which can be quite uncertain
in some regions of the world (Ma and van Aardenne, 2004).
Since the spatial coverage of IASI observations is very high
and the ozone average lifetime is longer than the revisiting
time of the satellite, we can expect that the degree of com-
plexity of the CTM used for the assimilation might become
less relevant. The objective of this study is to explore the po-
tential of IASI and MLS Level 2 products to provide global
analyses and forecasts of ozone, with a focus on the free-
troposphere dynamics.
We assimilate ozone stratospheric proﬁles from MLS and
tropospheric partial columns from IASI to constrain the
global ozone concentration calculated with the MOdèle de
Chimie Atmosphérique à Grande Échelle CTM (MOCAGE,
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Teyssèdre et al., 2007). The model can be used in com-
bination with a linear ozone chemistry parameterization
(Cariolle and Teyssèdre, 2007) or with a detailed strato-
sphere/troposphere chemistry. In the ﬁrst case, surface emis-
sions are not considered and a relaxation term to a climato-
logical ﬁeld is dominant in the troposphere. With this con-
ﬁguration we computed ozone reanalysis for the period that
goes from July to December 2008.
The paper is structured as follows: Sect. 2 describes the as-
similated observations and those used for the validation, the
model and the assimilation algorithm are detailed in Sect. 3,
Sect. 4 contains the discussion of the different simulations
and their validation. Finally, conclusions are given in Sect. 5.
2 Ozone observations
2.1 Assimilated observations
2.1.1 MLS proﬁles
The MLS instrument has been ﬂying onboard the Aura satel-
lite in a sun-synchronous polar orbit since August 2004. It
measures millimeter and sub-millimeter thermal emission at
the atmospheric limb, providing vertical proﬁles of several
atmospheric parameters (Waters et al., 2006). It allows the
retrieval of about 3500 proﬁles per day with a nearly global
latitude coverage between 82◦ S and 82◦ N. The version 2.2
of the MLS ozone product is used in this study. Since the
along-track distance between two successive MLS proﬁles
(1.5◦) is smaller than the model horizontal resolution (2.0◦)
alltheproﬁlesmeasuredwithinaminuteareaveragedandas-
signed to the same grid cell. This reduces the number of pro-
ﬁlestoabout2000perday.Adatascreeningbasedontherec-
ommendations of Froidevaux et al. (2008) and Livesey et al.
(2008) is used, as in Massart et al. (2009, 2012). Therefore,
the assimilated ozone proﬁle consists of 16 pressure levels in
the range from 215 to 0.5hPa, with four of them located in
the upper troposphere/lower stratosphere (UTLS). The MLS
ozone proﬁle accuracy is the lowest in the UTLS, with biases
that can be as high as 20% at 215hPa, whereas the preci-
sion is about 5% elsewhere (Froidevaux et al., 2008). The
MLS product provides a proﬁle retrieval uncertainty based
on error propagation estimations and information about the
retrieval vertical sensitivity through the averaging kernels
(AVK). The MLS O3 product has been already assimilated
in multiple models with positive effects on models’ scores in
the stratosphere (Jackson and Orsolini, 2008; Stajner et al.,
2008; Massart et al., 2009; El Amraoui et al., 2010; Barré
et al., 2012). Since the MLS AVK peaks sharply on the re-
trieved pressure layers, they can be neglected in the data as-
similation procedure (Massart et al., 2012). MLS ozone pro-
ﬁles are made available in near-real time (NRT) at the God-
dard Earth Science Data and Information Services Center
(http://disc.sci.gsfc.nasa.gov) and can be downloaded 2–4h
after the overpass of the satellite.
2.1.2 IASI partial columns
IASI-A is the ﬁrst IASI thermal infrared interferometer
launched in 2006 onboard the Metop-A platform (Clerbaux
et al., 2009). It is a meteorological sensor dedicated to the
measurement of tropospheric temperature, water vapor and
of the tropospheric content of a number of trace gases.
Thanks to its large swath of 2200km, IASI enables an over-
pass over each location on Earth’s surface twice daily. The
Software for a Fast Retrieval of IASI Data (SOFRID) has
been developed at Laboratoire d’Aérologie to retrieve O3 and
CO proﬁles from IASI radiances (Barret et al., 2011). The
SOFRID is based on the Radiative Transfer for TOVS (RT-
TOV) code and on the 1D-VAR retrieval scheme both devel-
oped for operational processing of space-borne data within
the Numerical Weather Prediction – Satellite Application Fa-
cilities (NWP–SAF). For each IASI pixel, SOFRID retrieves
the O3 volume mixing ratio (vmr) on 43 pressure levels be-
tween 1000 and 0.1hPa. Nevertheless, the number of inde-
pendent pieces of information or DFS of the retrieval is ap-
proximately 3 for the whole vertical proﬁle (Dufour et al.,
2012). Barret et al. (2011) have shown that IASI enables the
independent determination of the tropospheric O3 column
(TOC, 1000–225hPa) and the UTLS (225–70hPa) O3 col-
umn with DFS close to unity for both quantities over tropical
regions. The information content analysis from Dufour et al.
(2012) provides similar conclusions for both the midlatitudes
and the tropics with slightly different deﬁnitions of the tro-
pospheric and UTLS partial columns. In order to be consis-
tent with these information content analyses and to improve
the efﬁciency of our assimilation system, we assimilate IASI
TOC instead of whole proﬁles. The IASI TOC was also vali-
datedagainstozonesondeandairborneobservationsinBarret
et al. (2011). Accuracies of 13±9% (relative bias±standard
deviation) have been found at high latitudes and of 5±15%
within the tropics. Therefore, a global bias correction of 10%
of SOFRID values is performed, its impact being carefully
discussed further in the paper. In order to remove observa-
tions with little information, pixels with TOC DFS lower
than 0.6 are also screened out. The ﬁlter removes 25% of
IASI retrievals globally, most of them located over ice cov-
ered surfaces, mountains or deserts, where the sensitivity of
IASI to the tropospheric ozone spectral signature is signif-
icantly decreased (Boynard et al., 2009). The value of 0.6
has been chosen based on the histograms in Fig. 1 of Dufour
et al. (2012). Some tests have been done with values of the
threshold set to 0.4 or 0.8 but the value of 0.6 gave the best
compromise in terms of removal of pixels over difﬁcult sur-
faces(deserts,ice,snow)andintermsofanalysisquality.The
SOFRID ozone product is not yet operational but production
would be possible within a delay of about 6–12h after the
satellite overpass.
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f) e) d)
c) b) Bias Aug. 2008 RMSE Aug. 2008
Bias Nov. 2008 RMSE Nov. 2008
Number of ozonesondes profiles:
z (hPa)
z (hPa)
Fig. 1. Validation of control run (dotted/gray-ﬁlled lines) and MLS analyses (blue/red lines) versus ozonesondes: (a) global bias (model
minus sondes) normalized with the ozone climatology for August 2008, (b) global RMSE for August 2008, (c) number of ozonesonde
proﬁles used for the validation, (d, e, f) same as (a), (b), (c) but for November 2008. Blue lines are obtained by assimilating full MLS
proﬁles whereas for red ones the lowermost proﬁle level (215hPa) is excluded. Positive/negative values in (a), (d) mean that the model
overestimates/underestimates the ozonesonde measurements.
2.2 Validation observations
2.2.1 Ozonesonde proﬁles
Ozonesondes are launched in many locations of the world
on a weekly schedule (Fig. 1), measuring vertical pro-
ﬁles of ozone concentration with high vertical resolution
(150–200m) up to approximately 10hPa. Data are collected
by the World Ozone and Ultraviolet Radiation Data Cen-
tre (WOUDC, http://www.woudc.org/). Most of the sondes
(85%) are of electrochemical concentration cell (ECC) type,
the rest of them being of carbon-iodide or Brewer–Mast type.
This introduces some heterogeneity in the measurement net-
work. However, it has been shown that ECC sondes, which
constitute the largest part of the network, have a precision
of about 5% regardless the calibration procedure employed
(Thompsonetal.,2003).Errorsmightincreaseto10%where
ozone amounts are low (e.g., upper troposphere and up-
per stratosphere, Komhyr et al., 1995). To exploit the high
vertical resolution of ozonesonde data the proﬁles are log-
normally interpolated on the coarser model grid (60 sigma-
hybrid levels, Sect. 3.1). Information about the horizontal
drift of sonde measurements is often not given and will not
be considered in the study.
2.2.2 MOZAIC measurements
The Measurements of OZone and wAter vapour by aIrbus in-
service airCraft (MOZAIC) program (Marenco et al., 1998)
was initiated in the 1990s with the aim to provide a global
and accurate data set for upper-troposphere chemistry and
model validation. Automated instruments mounted on-board
of several commercial airplanes measure ozone concentra-
tion every 4s with a precision of about ±2 parts per billion
by volume (ppbv) or ±2%. Almost 90% of data is collected
at the airplane cruise altitude (∼ 200hPa) and the remaining
10% during the takeoff/landing.
2.2.3 OMI total columns
The Ozone Monitoring Instrument (OMI), onboard the Aura
satellite, is a nadir viewing imaging spectrometer that mea-
sures the solar radiation reﬂected by Earth’s atmosphere and
surface (Levelt et al., 2006). It makes spectral measure-
ments in the ultraviolet/visible wavelength range at 0.5nm
resolution and with a very high horizontal spatial resolu-
tion (13km×24km pixels). In the standard global obser-
vation mode, 60 across-track ground pixels are acquired
simultaneously, covering a horizontal swath approximately
2600km wide, which enables measurements with a daily
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global coverage. In this study, we use the OMI Level 3 glob-
ally gridded total ozone columns (OMDOAO3e.003) avail-
able at the GIOVANNI web portal (http://disc.sci.gsfc.nasa.
gov/giovanni). This product is based on the Differential Op-
tical Absorption Spectroscopy (DOAS) inversion (Veefkind
et al., 2006). OMI DOAS total ozone columns agree within
2% with ground-based observations (Balis et al., 2007), ex-
cept for Southern Hemisphere (SH) high latitudes, where
they are systematically overestimated by 3–5%.
2.2.4 ESRL GMD in situ measurements
TheEarthSystemResearchLaboratory(ESRL)GlobalMon-
itoring Division (GMD, http://www.esrl.noaa.gov/gmd/)
maintains several US atmospheric composition observato-
ries and collects data from a number of other institutions
(Petropavlovskikh and Oltmans, 2012). Time series of hourly
ozone concentration are available at 2 sites located above
3000m altitude, Mauna Loa (MLO, 19.54◦ N, 155.58◦ W,
3397ma.s.l., US) and Summit (SUM, 75.58◦ N, 38.48◦ W,
3216ma.s.l., Greenland), thus representative for the free tro-
posphere. Since the mission of the GMD is to provide ac-
curate long-term time series of atmospheric constituents for
climate analysis, the calibration stability of these measure-
ments is expected to be within 2% and data quality is assured
by manual inspection (Oltmans et al., 2006).
3 Model description
3.1 Direct model
MOCAGE is a three-dimensional CTM developed at Météo
France (Peuch et al., 1999) that calculates the evolution of
the atmospheric composition in accordance with dynami-
cal, physical and chemical processes. It provides a num-
ber of conﬁgurations with different domains and grid reso-
lutions, as well as chemical and physical parameterization
packages. It can simulate the planetary boundary layer, the
free troposphere, the stratosphere and a part of the meso-
sphere. MOCAGE is currently used for several applications:
e.g., the Météo-France operational chemical weather fore-
casts (Dufour et al., 2005), the Monitoring Atmospheric
Composition and Climate (MACC) services (http://www.
gmes-atmosphere.eu), and studies about climate trends of at-
mospheric composition (Teyssèdre et al., 2007). It has also
been validated using a large number of measurements dur-
ing the Intercontinental Transport of Ozone and Precursors
(ICARTT/ITOP) campaign (Bousserez et al., 2007). In this
study, we used the 2◦ ×2◦ global version of MOCAGE,
with 60 sigma-hybrid vertical levels (from the surface up
to 0.1hPa). The transport of chemical species is based on
a semi-Lagrangian advection scheme (Josse et al., 2004)
and depends upon ancillary meteorological ﬁelds. The me-
teorological forcing ﬁelds used in our conﬁguration are the
analyses provided by the operational ECMWF numerical
weather prediction model. Among the different chemical
schemes available within MOCAGE, we selected for this
study the linear ozone parameterization CARIOLLE (Cari-
olle and Teyssèdre, 2007).
The CARIOLLE scheme is based on the linearization
of the ozone production/destruction rates with respect to
ozone concentration, temperature and superjacent ozone col-
umn, which are precomputed using a 2D (latitude–height)
chemistry model (Cariolle and Teyssèdre, 2007). Thus, it
does not account for ozone production/destruction due to
longitudinal and temporal variability of precursor species
(e.g., NOx), which limits the model accuracy especially in
the planetary boundary layer. It includes an additional pa-
rameterization for the polar heterogeneous ozone chemistry,
which allows the main features of stratospheric ozone de-
pletion to be reproduced. It was shown that in the upper
troposphere and in the lower stratosphere the linear param-
eterization gives satisfactory results (Cariolle and Teyssè-
dre, 2007) and performs well in combination with satellite
data assimilation (Geer et al., 2006, 2007). An analysis of
the derivatives in the CARIOLLE scheme attests that ozone
production/destruction rates are quite small below 20km
(<1ppbvh−1), hence the transport plays the principal role
in ozone dynamics at the timescales reckoned for satellite
data assimilation (12–24h). Since no tropospheric ozone re-
moval process is modeled, a relaxation to an ozone climatol-
ogy with an exponential folding time of 24h is enabled in
the lower troposphere, to avoid the excessive accumulation
of ozone in the lowest layers during long simulations. A dis-
cussion on the consequences of the relaxation term on the
assimilation are detailed in Appendix A.
3.2 Assimilation system
The data assimilation algorithm built around the MOCAGE
model is named Valentina and was initially developed in
the framework of the ASSET (Assimilation of Envisat data)
project (Lahoz et al., 2007a). In its ﬁrst implementation it
was based on a 3D-FGAT formulation (3D-Variational in the
First Guess at Appropriate Time variant; Fisher and Ander-
sson, 2001), which was used in numerous studies on conti-
nental or global scales for the assimilation of MLS or IASI
O3 data (Massart et al., 2009; El Amraoui et al., 2010; Barré
et al., 2012).
In its latest version, a 4D-VAR algorithm was imple-
mented in Valentina (Massart et al., 2012), which allows the
use of longer assimilation windows in the case of nonneg-
ligible ozone dynamics (e.g., due to strong transport) and a
better exploitation of the spatiotemporal ﬁngerprint of satel-
lite observations (Massart et al., 2010). A 4D-VAR algorithm
requires a linear tangent of the forecast model and its adjoint,
which can be numerically very costly for a complete chem-
istry scheme. These operators have been then developed only
for the transport process and for the linear ozone chemistry
scheme. Assimilation windows of 12h have been used in
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this study. The Valentina observation operator (H) allows the
assimilation of species concentration (e.g., vertical proﬁles
or surface concentration), total and partial vertical columns,
with the possibility to include averaging kernel information
and multiple instruments at the same time. Since the model
prognostic variables are the species concentration, it follows
that H is also linear.
The background error covariance matrix (B) formulation
is based on the diffusion equation approach (Weaver and
Courtier, 2001) and can be speciﬁed by means of a 3D vari-
ance ﬁeld (diagonal of B, in concentration units or as a %
of the background ﬁeld) and a 3D ﬁeld of correlation length
scales.
The observation error variance (e.g., the diagonal of R)
can be assigned with explicit values (e.g., the pixel-based un-
certainty included in some satellite products) or as % of the
observation values. Only vertical error correlations are im-
plemented in R in the case of proﬁle type observations. The
system provides the possibility for the adjustment of B and R
diagonalterms,basedonaposterioriχ2 statistics(Desroziers
et al., 2005). For more details about the assimilation algo-
rithm please refer to Pannekoucke and Massart (2008); Mas-
sart et al. (2009, 2012).
4 Results and discussion
Numerous assumptions about the statistics of the background
and observation errors (B and R matrices) are required in
data assimilation algorithms (Sect. 3.2). Furthermore, the
paradigm that lies behind an optimal analysis demands that
the model and the observations are unbiased with respect to
the unknown truth. Nevertheless, biases may contribute sig-
niﬁcantly to the overall uncertainty of both models and ob-
servations. Several methods have been proposed to take into
accountmodelorobservationbiases(DeeandUppala,2009).
However, no general strategy exists when both the model and
the assimilated observations are biased, which is the case en-
countered in this study (as detailed in Sect. 2 for the obser-
vations and by Geer et al. (2007) for the model). Hence, the
validation of the analysis against independent and accurate
observations remains the only way to verify the correctness
of prescribed B and R matrices.
Inthisstudyozonesondedataareusedasreferencetoiden-
tify biases and estimate background error statistics. This ap-
proach requires that sonde proﬁles are unbiased and glob-
ally representative for the model, since the background er-
ror must be speciﬁed for the full model grid. Although their
geographical distribution is not always homogeneous (e.g.,
in the Southern Hemisphere), WOUDC sondes are generally
used to validate global models and satellite retrievals (Mas-
sart et al., 2009; Dufour et al., 2012).
Therefore, we proceed as follows: (i) we ﬁrst run the
model with/without DA for two months (August and Novem-
ber 2008); (ii) we compute global and monthly averages of
model minus sonde values for these two months to identify
biases and to assess the sensitivity of the analysis to the as-
similation parameters (e.g., the background error covariance)
(Sects. 4.1, 4.2, 4.3.1); (iii) a longer simulation of 6 months
(with/without DA) is performed by considering eventually
the outcome of (ii) and validated with additional data sets
(Sect. 4.3.2).
The two months considered in (i) allow us to test the anal-
ysis during different ozone regimes (e.g., the occurrence of
South Pole ozone depletion in November). Moreover, MLS
and IASI analyses are ﬁrst evaluated independently, to better
understand the impact of the single instruments (Sects. 4.1
and 4.2), and coupled later on in Sect. 4.3.
Sonde data do not cover the upper stratosphere and assim-
ilation parameters like error correlation length scales cannot
be diagnosed using sonde-sparse data. Thereafter, we also
rely upon results from previous studies, which exploited en-
semble methods to estimate the error statistics for the same
model and observations used in this analysis (Massart et al.,
2012). Eventually, sensitivity tests will be used to assure the
robustness of the analysis to the variation of the assimilation
parameters (Sect. 4.3.1).
Model simulations for August 2008 and November 2008,
are initialized with the MLS analysis from the study of Mas-
sart et al. (2012). This analysis is considered as a test-bed for
assessing the additional beneﬁts of IASI data assimilation.
The 6month-long simulation (Sect. 4.3.2) is instead initial-
ized with 30 days of free model spin-up, as might be the case
for an operational assimilation system, where previous anal-
ysis are not always available.
4.1 MLS proﬁle assimilation
A MOCAGE-MLS ozone analysis for the entire year 2008
was examined in the study of Massart et al. (2012), with a
focus on the stratosphere and on the effects of different back-
ground error parameterizations. In this section we repeat a
similaranalysiswithparticularattentiontothetropopausere-
gion, which showed an enhanced bias in Massart et al. (2012)
and is of greater interest for this study.
We computed the ozone ﬁeld with a free run of the model
(without DA, also named control run) in August/November
2008. The global average difference between this simulation
and the ozonesonde proﬁles is displayed in Fig. 1. Differ-
ences are presented in terms of bias and RMSE components
and normalized with an ozone climatological proﬁle (Paul
et al., 1998). The number and the geographical position of
sonde proﬁles used to calculate the error statistics are also
shown. A total of 182 and 167 proﬁles are globally available
for August and November respectively, with a greater repre-
sentation in the Northern Hemisphere. The error curves show
that the model’s free run has globally a small relative bias
(<10%) except in November inside the planetary boundary
layer (PBL, p > 750hPa). The good free model performance
is partly due to the accurate initial conditions prescribed
Atmos. Chem. Phys., 14, 177–198, 2014 www.atmos-chem-phys.net/14/177/2014/E. Emili et al.: Combined assimilation of IASI and MLS ozone observations 183
Table 1. Description of the model conﬁguration for the assimilation experiments.
Type Description
Assimilation 4D-VAR 12h window
Background Error Vertically variable (1D) Logistic function: 30% troposphere, 5% stratosphere
Background Error Zonal Correlation Horizontally variable (1D) Based on ensembles (Massart et al., 2012)
Background Error Meridional Correl. Constant 300km
Background Error Vertical Correl. Constant 1 grid point length scale
IASI observation error Percentage of measurement 15%
MLS observation error From retrieval product –
Background standard deviation
std (%)
Fig. 2. Main parameterizations of the background covariance matrix (B): (left) background error standard deviation (square root of the
diagonal of B) in % of the background proﬁle; (right) zonal error correlation length scale (Lx). Blue/purple end colors represent values that
fall outside the color scale.
on the ﬁrst day of each month, which come from the pre-
vious MLS analysis. The relatively long lifetime of ozone
(Sect. 3.1) implies that, assuming a good description of the
transport, the model error keeps memory of those conditions
for several weeks. The RMSE proﬁle in Fig. 1 shows that be-
low 100hPa the model total error increases up to about 30%,
with twohigher peaks,one below thetropopause (∼300hPa)
and the other in the PBL. Since the bias does not have such
a distinct shape most of the RMSE error originates from the
deﬁciencies of the model in reproducing the variability of
measured ozone in these two layers. This behavior is not sur-
prising in the troposphere, and especially in the PBL, since
detailed ozone tropospheric chemical and physical processes
are not taken into account within the O3 linearized chemistry
scheme. Moreover, since the initial condition comes from
MLS analysis, the model was not constrained by any obser-
vation in the troposphere. We also remark that there is no ev-
idence of a strong monthly dependence of the error proﬁles.
The parameter conﬁguration used for the assimilation ex-
periments presented in this and in the following sections is
summarized in Table 1. Compared to the study of Massart
et al. (2012), the background error variance is given in per-
centage of the ozone ﬁeld (Fig. 2) and the vertical correlation
length is set to one vertical model grid point (<700m in the
troposphere, ∼800m at the tropopause and <1.5km in the
stratosphere). Since the effects of using an ensemble based
variance were not found to be highly signiﬁcant and no esti-
mation was available in the troposphere from the cited study,
this choice was made to have a time dependent background
error variance across the whole atmosphere. On the basis of
the control run validation (Fig. 1), we set a bigger uncertainty
in the troposphere (30%) than in the stratosphere (5%). The
choice of a small vertical correlation length arises from the
fact that IASI’s averaging kernels already spread their infor-
mation vertically and we do not want the contribution from
the two instruments to superpose too much in a ﬁrst instance.
We also simpliﬁed the horizontal correlation lengths diag-
nosed with the ensemble of MLS perturbed analysis in Mas-
sart et al. (2012) with a zonal and time-independent average
for the zonal length scale Lx (Fig. 2) and a constant value of
300km for the meridional length scale Ly. All these simpli-
ﬁcations are not supposed to inﬂuence greatly the analysis,
given the results in Massart et al. (2012).
The validation of the MLS analysis is also shown in Fig. 1.
When all MLS levels are used (Sect. 2) both the bias and
the RMSE are reduced in the stratosphere (p < 100hPa) but
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Control run O3 (DU)
(Avg=18.7, Max=31.1, Min=8.6) 
IASI O3 (DU)
(Avg=19.8, Max=29.4, Min=5.2) 
Number of IASI observations
(Avg=38, Max=58, Min=1) 
Average difference (model-IASI, DU)
(Avg=-1.1, Max=5.9, Min=-12.4) 
Standard deviation (DU)
(Avg=2.1, Max=6.1, Min=0.4) 
IASI Averaging Kernels (DU vmr
-1)
Fig. 3. Average differences between control run and IASI tropospheric columns (1000–225hPa) for August 2008: (a) control run column
weighted by IASI averaging kernels (AVK·xmod, where xmod is the model proﬁle), (b) IASI equivalent column (Cobs −Capr +AVK·xapr,
where xapr is the IASI a priori proﬁle and Cobs, Capr the retrieved and a priori partial columns), (c) number of IASI observations, (d) bias
(model minus IASI values), (e) standard deviation of model minus IASI values, (f) IASI averaging kernels (zonal average in DUvmr−1). All
IASI values are reduced by 10% to account for retrieval biases (Sect. 2). Blue/purple color in (a) and (b) is reserved for values lower/greater
than 3/30DU. Blue/purple color in (d) is reserved for values lower/greater than −8/8DU. White color in (a, b, d, e) indicates pixels with a
statistically insigniﬁcant number of observations (n < 10).
increased at around 300hPa. This local degradation of the
analysis was already observed in previous MLS assimila-
tion studies (Stajner et al., 2008; Massart et al., 2012). Since
there is strong evidence of a positive bias for the lower-
most MLS level (215hPa) (Jackson, 2007; Froidevaux et al.,
2008), this level was removed from the assimilated data set,
leading to a better analysis (red line in Fig. 1). The strato-
spheric RMSE was globally reduced to almost 10% both in
August and November 2008. These results conﬁrm the ﬁnd-
ings of a number of already cited studies that assimilated
MLS ozone with other models. Note that, even after the ex-
clusion of the 215hPa MLS level, the analysis ozone proﬁle
between 200 and 300hPa still differs slightly from the con-
trol run. Since the vertical error correlation was ﬁxed to 1
grid point and there is approximately an 8grid-point separa-
tion between the lowermost assimilated level (140hPa) and
the aforementioned layer, those changes are imputable to the
model dynamics, likely through downward ozone transport
(STE).
4.2 IASI tropospheric column assimilation
IASI retrieved ozone, unlike MLS ozone, has not been used
in many assimilation studies. Therefore, a comparison be-
tween observations and the correspondent free model values
allows a preliminary quantiﬁcation of the scatter and the sys-
tematic biases between the two. Later, the validation of the
assimilated ﬁelds with independent data will provide further
insights about biases with respect to “true” ozone values.
StatisticsofthedifferencesbetweenIASIobservationsand
the free model ozone ﬁeld are reported in Figs. 3 and 4, for
August and November 2008, respectively. The IASI values
used to compute these ﬁgures have been reduced by 10%, to
compensate known retrieval biases (Sect. 2). The impact of
such a bias correction on the further assimilation is detailed
later in this section. IASI tropospheric partial columns (TOC,
1000–225hPa) are compared to the free model equivalent
columns by means of the observation operator, thus taking
into account the spatiotemporal collocation and the satellite
averaging kernels. Maps show that in both seasons the model
signiﬁcantly underestimates IASI partial columns at low lat-
itudes (30◦ S–30◦ N) in the Middle East, Africa and Cen-
tral/South America (bias as high as 10DU (Dobson units),
corresponding to ∼100% of model values). A smaller but
positive bias (2–4DU) is found at lower latitudes (30–90◦ S),
which is however less signiﬁcant compared to the greater lo-
cal column amount. Average standard deviations are 2DU
for both seasons with maximum values of about 5DU local-
ized between 30–60◦ S and over desert regions (the Sahara
and Australian deserts).
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d) e) f)
a) b) c)
Control run O3 (DU)
(Avg=18.0, Max=30.6, Min=8.0) 
IASI O3 (DU)
(Avg=19.2, Max=30.9, Min=7.6) 
Number of IASI observations
(Avg=35, Max=56, Min=1) 
Average difference (model-IASI, DU)
(Avg=-1.1, Max=5.8, Min=-11.8) 
Standard deviation (DU)
(Avg=1.9, Max=5.3, Min=0.5) 
IASI Averaging Kernels (DU vmr
-1)
Fig. 4. Average differences between control run and IASI tropospheric columns (1000–225hPa) for November 2008. Same plots as in Fig. 3.
High systematic differences are found in regions domi-
nated by dust aerosols, like the Atlantic Ocean band east of
the Sahara (Remer et al., 2008). Dust aerosols are known to
reduce the accuracy of infrared ozone retrievals, like IASI
ones. However, IASI retrievals biases for the ozone total
columns are normally lower than 30% in presence of dust
(Boynard et al., 2009) so that this cannot entirely explain
the observed differences (as high as 100%). Therefore the
remaining systematic differences are mostly attributed to
the model deﬁciencies. The model actually underestimates
ozone in several regions affected by biomass burning out-
ﬂow, like eastern Africa in August, western South America
in November or in the western Indian Ocean (van der Werf
et al., 2006; Barret et al., 2011). Ozone underestimation ap-
pears also well correlated with regions of high natural VOC
emissions from tropical forests, such as the Amazon and the
African rain forests (Guenther et al., 1995). The reason for
such biases is the model simpliﬁed tropospheric chemistry,
which does not take into account emissions of ozone precur-
sors and their impact on ozone chemistry, both locally and
along transport paths. This will be conﬁrmed by the indepen-
dent validation carried further in this section.
The number of monthly observations in Figs. 3 and 4
shows that IASI data enable almost a 100% coverage over
oceans and, over land, more observations during the sum-
mer months than in the winter ones (August in the North-
ern Hemisphere and viceversa in the Southern one). This
is due to the stronger thermal contrast between the atmo-
spheric layers and the continental surface in summer, which
enhances the DFS and the number of pixels that pass the
AVK trace ﬁlter (Sect. 2). This is also the reason why the
zonal averaging kernels (Figs. 3f, 4f), which depend mostly
on the ocean–atmosphere thermal gradient, have a stronger
peak during winter. Note that the screening based on the DFS
value (Sect. 2.1.2) ﬁlters out most of the observations over
ice and high altitude surfaces (e.g., Greenland, South Pole,
Himalayas and Rocky Mountains), which have a poor ther-
mal contrast or not enough tropospheric pressure levels avail-
able. Finally, desert regions show also a decreased number of
observations due to issues in correctly representing the sand
emissivity in the infrared ozone retrieval.
Figure 5 shows the error proﬁles for the IASI TOC anal-
ysis. The initial condition and the assimilation conﬁguration
are the same as in the MLS analysis (Sect. 4.1 and Table 1)
but no MLS data are assimilated at this point. Using horizon-
tal length scales previously diagnosed with MLS ensembles
(Fig. 2) might not be pertinent for the troposphere. Never-
theless, IASI data coverage is very dense in space and time
(Figs. 3, 4) and the impact of the background error horizontal
correlations is expected to be small. This will also be illus-
trated later in the article (Sect. 4.3.1).
When IASI data are not bias-corrected the analysis is
sometimes worse than the control run (Fig. 5): the tropo-
spheric bias increases by 10–20% for both months and the
RMSE improves in August but deteriorates in November.
Instead, when 10% of the values is globally removed from
IASI observations the bias of the analysis improves or stays
the same with respect to the control run and the RMSE is
reduced by about 5–10% in both months. The proﬁle is cor-
rected signiﬁcantly only between 200 and 800hPa, where the
AVK values are greater than 10DUvmr−1 (Figs. 3 and 4).
Comparing the curves in Figs. 1, 5 we conclude that with
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Fig.5.ValidationofcontrolrunandIASIanalysesversusozoneson-
des.SameplotsasinFig.1(AugustandNovember2008fromtopto
bottom). Red curves are obtained removing 10% of the IASI ozone
values before the assimilation.
the selected value of the background error vertical correla-
tion,thecorrectionbroughtbythetwoinstruments(MLSand
IASI) remains well separated vertically.
Compared with previous attempts of assimilating IASI to-
tal ozone columns in a CTM (Massart et al., 2009), we found
a clear improvement in the tropospheric ozone proﬁle. The
main reason is attributed to the full exploitation of the IASI
tropospheric signal in this study. Neglecting the AVK in-
formation lead to signiﬁcantly worse results (not shown),
which demonstrates their importance in the vertical local-
ization of the assimilation increments. Several assimilation
experiments were done with a different deﬁnition of the tro-
pospheric column, obtained by lowering the top height of the
column to 300, 400 and 500hPa. Since the AVK is spread
above the speciﬁed column’s top height, this was done to re-
duce the possible contamination of stratospheric air masses
athighlatitudes,whichmightintroducepositivetropospheric
ozone biases in the analysis. No signiﬁcant improvements
were however observed in any of these analyses.
4.3 MLS+IASI combined assimilation
In the previous sections MLS and IASI ozone products have
been assimilated separately during August and November
2008. The purpose was to test the assimilation algorithm and
detect issues like observational biases, with the help of sonde
data. In this section the combined assimilation of both instru-
ments is detailed: still for the 2 months, ﬁrst separately, and
for a simulation of 6 months (July–December 2008) later. In
addition to the usual validation against sonde data, a com-
parison with OMI total ozone columns and free troposphere
in situ measurements is reported. This will better clarify the
added value of the IASI assimilation compared to the MLS
on its own.
Figure 6 depicts the error proﬁles (bias and RMSE) of the
combined analysis for August and November 2008 and the
zonal differences between the analysis and the control run.
Since the increments (differences between the analysis and
the background) due to the two instruments are quite sepa-
rated vertically, the error proﬁle of the combined analysis is
almost equivalent to the combination of the error proﬁles of
the two separated analyses (Figs. 1, 5). The zonal differences
(Fig. 6c, f) show that the ozone concentration is increased by
20–30% in the tropical region (30◦ S–30◦ N) both in the tro-
posphere and in the lower stratosphere, and decreased by 10–
20% in the southern latitudes’ (30–90◦ S) free troposphere
and at about 10hPa. The patterns are similar in August and
November, except for the northern latitudes’ (60–90◦ N) tro-
posphere and the tropical stratosphere (in the vicinity of
10hPa), where the differences for the two months have op-
positesigns.Moreover,thetroposphericpositiveincrementis
slightly shifted toward the northern midlatitudes in summer
(40◦ N). The average increments are able to partially com-
pensate for the deﬁciencies of the direct model, which are
(i) the lack of ozone precursor emissions and chemistry in
the tropical/midlatitude troposphere, and (ii) the presence of
high-latitude stratospheric positive biases due to a too strong
poleward circulation in the forcing wind ﬁeld (Cariolle and
Teyssèdre, 2007; de Laat et al., 2007).
A complementary validation of the ozone ﬁelds obtained
with the combined assimilation is provided by a compari-
son with MOZAIC data. These data allow a good geograph-
ical and temporal coverage in the Northern Hemisphere, due
to the daily frequency of commercial ﬂights, but with 90%
of the data vertically conﬁned at the airplane cruise altitude
(∼200hPa). Scatter plots between model ozone values and
MOZAIC observations above 400hPa are reported in Fig. 7.
Raw data were temporally averaged on a minute basis to bet-
ter ﬁt the model’s spatial resolution. Some data redundancy
might still be present, even though the validation statistics
are not supposed to be sensitive to that. Overall the relative
error lies between 35 and 40%. The scores are in agreement
with those obtained using sonde data (cf. Fig. 6, at 200hPa
level) and conﬁrm a modest improvement of the correlation
and the RMSE for the IASI+MLS analysis in August and
a slight worsening in November. Since the validation with
sonde and aircraft data shows a good agreement but sondes
have a better global and vertical coverage (cf. Fig. 1), only
sonde validation will be shown hereafter.
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Fig. 6. Validation of control run, MLS analysis and combined IASI+MLS analysis versus ozonesondes. (a, b, d, e) same plots as in Fig. 1
(August and November 2008 from top to bottom), (c, f) average zonal difference between control run and IASI+MLS analysis normalized
with climatology. Dark blue/red color in (c) and (f) is reserved for values lower/greater than −50/50%.
Figure 8 shows the geographical differences of the tropo-
spheric ozone column between the control run and the analy-
sis. In addition to Fig. 6, which already highlighted the zonal
features of the increments, we note a signiﬁcant increase
of the TOC over the African continent and the Atlantic re-
gion, whereas the local ozone minimum over Indonesia is
not changed or even slightly decreased. This is consistent
with the preliminary comparison between modeled and IASI
ozoneshowninFigs.3and4.Themainspatialfeaturesofthe
analysis in the tropics are well comparable with the satellite
climatology of TOC derived by Ziemke et al. (2011). Dif-
ferences between the two data sets depend not only on the
methodology and the measurements being used, but also on
the deﬁnition of the tropospheric column (1000–225hPa in
this study, surface-dynamical tropopause in Ziemke et al.,
2011). Hence, a more quantitative comparison would require
the same deﬁnition of the tropospheric column to be adopted.
A quantitative comparison of the analysis with OMI to-
tal ozone columns is presented in Fig. 9. The comparison is
done between independent averages of both data sets, which
do not consider the exact temporal matching. Since OMI per-
mits a daily global coverage, differences due to this reason
are assumed negligible. The greatest positive correction orig-
inates from the assimilation of MLS data, which modiﬁes the
more abundant stratospheric ozone. However, the addition of
IASI TOC permits reaching the best agreement between the
analysis and OMI data in the tropics, where the stratospheric
column amount is lower and the total ozone column is more
sensitive to the tropospheric amount.
4.3.1 Sensitivity of the analysis to the background/
observation error covariance
Before calculating the 6month-long analysis, alternative for-
mulations of the background and the observation error co-
variance matrices were tested to verify the robustness of the
analysis to the choice of the assimilation parameters. The
following cases were considered, where the nonspeciﬁed pa-
rameters are kept as in Table 1:
– temporally constant background variance expressed in
ozone concentration units and derived from the MLS
ensemble (Massart et al., 2012) above the tropopause
(full 3D ﬁeld) and from sonde validation in the tro-
posphere (zonally averaged ﬁeld, three latitude bands
used);
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Control Run Analysis (IASI+MLS)
Control Run Analysis (IASI+MLS)
Fig. 7. Validation of model ozone values versus MOZAIC observations above 400hPa: (a) scatter plot between control run and MOZAIC
values for August 2008 (b) scatter plot between IASI+MLS analysis and MOZAIC values for August 2008, (c, d) same as (a, b) but for
November 2008. Difference statistics are displayed in each plot in terms of number of points (N), correlation (R), bias in ppbv (model–
measurements), relative bias (bias/measurements average), standard deviation in ppbv (Std), relative standard deviation (Std/measurements
average), RMSE in ppbv and relative RMSE (RMSE/measurements average).
– background variance equal to 20% of the ozone ﬁeld
everywhere, constant and homogenous horizontal er-
ror length scale equal to 4◦ in both horizontal direc-
tions;
– error statistics as in Table 1 but optimization of B
and R matrixes based on a posteriori diagnostics
(Sect. 3.2).
The ﬁrst two represent two cases of a more/less detailed B
matrix and the last one a case of statistical optimization of
B and R at the same time. Additional possibilities exist: for
example the veriﬁcation of the MLS+IASI 4D-VAR back-
ground against sonde data can be further used to update B
and recompute a new analysis. However, this method was
not tested in the framework of this study. In all examined
cases the comparison with sonde proﬁles was not found to
be superior or differences with the reference analysis were
not signiﬁcant (not shown). The reasons are attributed to
the combination of the high temporal frequency of the as-
similated satellite observations and the relatively slow ozone
chemistry, which makes the background error strongly de-
pendent on the initial condition. Once the model is corrected
for the inexact initial conditions, further assimilation incre-
ments only bring minor adjustments, which keep the model
close to the temporal trajectory of observations. This can
be better clariﬁed looking at the observation minus forecast
(OmF) global statistics during the initial period of data as-
similation in the case of the long-run experiment (Fig. 10).
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a)
d) c)
b)
Control run O3 (DU) Aug 2008
(Avg=32.4, Max=58.7, Min=11.5)
MLS+IASI analysis O3 (DU) Aug 2008
(Avg=33.6, Max=57.7, Min=14.4)
MLS+IASI analysis O3 (DU) Nov 2008
(Avg=33.2, Max=57.1, Min=14.2)
Control run O3 (DU) Nov 2008
(Avg=31.8, Max=54.6, Min=14.4)
Fig. 8. Ozone tropospheric columns (1000–225hPa): (a) control run for August 2008, (b) MLS+IASI analysis for August 2008, (c) control
run for November 2008, (d) MLS+IASI analysis for November 2008. Blue/purple color is reserved for values lower/greater than 10/50DU.
The initial condition is not issued from a previous MLS anal-
ysis in this case but comes from a 30day model spin-up pe-
riod. It follows that, compared to the case of the simulations
for August and November 2008, the model ﬁeld differs ini-
tially more from the observations, especially the MLS ones.
It takes approximately 3 days (6 assimilation windows) to
reach the forecast-model minimum for both the OmF average
and standard deviation. The model forecast at 10hPa, which
is initially biased high by 1000ppbv and has a standard de-
viation of 400ppbv with respect to MLS measurements, re-
duces its bias to 100ppbv and its scatter to 200ppbv after
4 assimilation windows (48h). In the case of IASI the bias
and the scatter are reduced just after 24h to ∼0DU for the
bias and 1.5–2DU for the standard deviation from an initial
value of 2 and 3DU, respectively. Subsequent values of OmF
are of the order of the prescribed observation errors, which
are about 200–300ppbv for MLS 10hPa level (Froidevaux
et al., 2008) or 15% of IASI TOC columns (Fig. 3), so that
a further reduction is not possible. Note that IASI observa-
tions cover 80% of the horizontal grid after 48h, whereas
MLS attains 40% after 72h (Fig. 10c). This explains the
faster convergence of IASI OmF statistics. In other words,
observations are dense enough to well constrain the long-
term (>5days) temporal evolution of the model, regardless
of signiﬁcant variations of the background covariance ma-
trix. Different choices of the background covariance may de-
termine the rapidity of the convergence during the initial as-
similation windows.
4.3.2 Validation of the 6month-long simulations
The 6month-long assimilation experiment (analysis) is ini-
tialized with a free model spin-up of 1 month in June 2008.
The assimilation starts on 1 July 2008 and ends on 31 De-
cember 2008. For the same period a simulation without data
assimilation (control run) is calculated.
Figure 11 shows the Taylor diagram of the collocated
model–sonde columns. The 6month period allows to accu-
mulate enough sonde proﬁles to validate the model sepa-
rately for different latitude bands. In addition to the tropo-
spheric column (TOC, 1000–225hPa), also the UTLS (225–
70hPa) column is considered. This type of plot depicts the
capacity of the model to explain the variability of the valida-
tion data set. In Figs. 12 and 13 columns/proﬁles bias, RMSE
and standard deviation are also displayed to give a complete
picture of the model performance. The results can be sum-
marized as follows:
– globally the UTLS column scores are signiﬁ-
cantly better for the analysis (R = 0.98, bias<1%,
RMSE∼15%) than for the control run (R = 0.9,
bias∼15%, RMSE∼30%);
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Control run O3 (DU) Aug 2008
(Avg=288, Max=364, Min=241) 
MLS analysis O3 (DU)
(Avg=282, Max=346, Min=239) 
MLS+IASI analysis O3 (DU)
(Avg=283, Max=346, Min=238) 
OMI O3 (DU)
(Avg=282, Max=341, Min=156) 
Control run O3 (DU) Nov 2008
(Avg=279, Max=391, Min=196) 
MLS analysis O3 (DU)
(Avg=277, Max=377, Min=174) 
MLS+IASI analysis O3 (DU)
(Avg=279, Max=383, Min=169) 
OMI O3 (DU)
(Avg=276, Max=396, Min=166) 
Fig. 9. Validation of model total ozone columns versus OMI measurements: (a) control run average ozone column for August 2008, (b) MLS
analysis for August 2008, (c) MLS+IASI analysis for August 2008, (d) OMI measurements for August 2008, (e, f, g, h) the same plots but
for November 2008. Blue/purple color is reserved for values lower/greater than 200/400DU. White color in (d, h) indicates pixels without
OMI observations.
– the control run shows in particular a very high
UTLS error in the 90–60◦ S band (bias∼50%,
RMSE∼60%), due to the linear chemistry limitations
with regards to the mechanism of ozone depletion;
– the tropospheric column scores are also globally bet-
ter for the analysis (R = 0.7, bias<5% in magni-
tude, RMSE∼20%) than for the control run (R = 0.6,
bias∼−10%, RMSE∼25%), even though to a lesser
extent than in the case of the UTLS layer;
– all analysis tropospheric scores are signiﬁcantly better
than those of the control run at the tropics, but only the
bias is substantially improved at northern midlatitudes
(bias from −15 to <5%);
– in the 30–60◦ S and 60–90◦ N bands the tropospheric
bias of the analysis ﬁeld increases with respect to the
control run. It follows that the analysis RMSEs are
not improved and the Taylor diagram scores are un-
changed or even deteriorated;
– the analysis TOC is particularly inaccurate in the
90–60◦ S band (R = 0.3, bias∼20%, RMSE∼25%).
However, the control run has already poor skills and
very few IASI observations are assimilated during the
whole period (Figs. 3, 4).
The good quality of the UTLS ozone analysis with MLS data
conﬁrm the ﬁndings of previous studies (Jackson, 2007; El
Amraoui et al., 2010; Massart et al., 2012). The results ap-
pear more heterogeneous with regards to the tropospheric
analysis. The MLS+IASI assimilation has a robust and pos-
itive impact at low latitudes (30◦ S–30◦ N) which, however,
becomes less evident at high latitudes and in polar regions.
Other studies also identiﬁed difﬁculties in improving mod-
eled tropospheric column at high latitudes by means of satel-
lite data assimilation (Lamarque et al., 2002; Stajner et al.,
2008). With respect to the studies of Barré et al. (2013) and
Coman et al. (2012) on the European domain, we found sim-
ilar conclusions about the capacity of IASI to reduce the
model free-troposphere bias at northern midlatitudes (30–
60◦ N). However, it is found that IASI was not able to im-
prove the model variability (standard deviation) in this re-
gion. We conclude that IASI measurements, even if directly
sensitive to the tropospheric ozone concentration, are not
able to ﬁll this gap. Since modeled TOC at high latitudes is
quite accurate (RMSE∼20%, Fig. 12), we assume that IASI
retrieval biases become too large compared to model errors.
Besides, the 10% bias removed globally from IASI columns
could have a zonal dependence, which was not considered
in this study. However, additional validation studies of IASI
products would be required to quantify tropospheric retrieval
errors at high latitudes.
Sonde data provide accurate information about the ozone
vertical proﬁle but their measurement frequency does not al-
low a daily- or hourly-scale validation of model predictions.
Therefore, hourly measurements from two in situ stations lo-
cated above 3000m are used to verify the free-troposphere
ozone dynamics of the models. The two selected sites are at
the tropics (Mauna Loa, 19.54◦ N, 155.58◦ W) and at high
latitudes (Summit, 75.58◦ N, 38.48◦ W). Figure 14 shows the
time series of the analysis, the control run and the correspon-
dent observations in August and November 2008. Since the
ozone variability at very small spatial and temporal scales
cannot be captured by a 2◦ ×2◦ grid model, original hourly
observations have been smoothed in time using a mov-
ing average of ±6h. This allows us to enhance the ozone
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a)
c)
b)
Fig. 10. Observation minus Forecast (OmF) statistics for the ﬁrst
10days of the IASI+MLS long analysis (1–10 July 2008). Assimi-
lated observations minus their model equivalent values are averaged
globally for each hour. (a) OmF average, (b) OmF standard devi-
ation, (c) temporal evolution of the observation’s global coverage
(fraction of model horizontal grid pixels visited by the satellite).
IASI’s tropospheric columns minus their model equivalent (as in
Fig. 3) are represented with a black line. MLS observations minus
their model equivalent with red (100hPa level), blue (10hPa) and
green (1hPa) line respectively.
variability signal due to transport that the model is supposed
to reproduce.
The control run underestimates the temporal variability of
observations, as expected from a model that does not ac-
count for tropospheric chemistry. The analysis ﬁeld has an
increased variability when compared to the control one, still
maintaining its low bias in magnitude. However, the scores in
term of correlation and standard deviation between the anal-
ysis time series and the observations (not shown) are not nec-
essarily better than those of the control run. In particular, the
occurrence of ozone minima (∼20ppbv) lasting more than
2–3 days in the Mauna Loa time series is mostly due to the
transport of low-ozone air masses from the equatorial bound-
ary layer (below 700hPa). The duration of these episodes is
well captured by the control run but their amplitude is not,
and IASI’s low sensitivity to the lower vertical layers does
not permit to account for it. Note that at the Summit site and
duringAugust,theanalysisisalmostcoincidentwiththecon-
trol run because there are very few observations being assim-
ilated in the surroundings (Fig. 3c).
This comparison leads to the conclusion that the assim-
ilation of column integrated information corrects well the
model tropospheric column (e.g., at the tropics, Figs. 12
and 11) but does not necessarily improve the model pre-
diction at a single vertical level. IASI AVKs redistribute the
satellite information in accordance with their vertical sensi-
tivity and their a priori, but the increments inside the partial
column are still assigned proportionally to the model back-
ground proﬁle. Hence, model predictions at a single vertical
level do not necessarily ensure the same accuracy as the one
found for partial columns.
5 Conclusions
In this study we examined the impact of MLS and IASI
(SOFRID product) ozone measurements to constrain the
ozone ﬁeld of a global CTM (MOCAGE) by means of varia-
tional data assimilation and with particular emphasis on tro-
pospheric ozone. Given the ozone average lifetime of several
weeks in the free troposphere, the high spatial coverage of
IASI data is able to make up for the deﬁciencies of the linear
chemistry model used.
Results conﬁrm the effectiveness of MLS proﬁles assim-
ilation in the stratosphere, with an average reduction of
RMSE with respect to ozonesondes from 30 (control run) to
15% (analysis) for the UTLS column. The lowermost level
of MLS ozone data (215hPa) was found to increase the anal-
ysis bias in the troposphere and is not further used. Improve-
ments of the TOC due to IASI O3 data assimilation depend
on the latitude and highlight the need to properly account
for retrieval biases. When a globally constant 10% positive
bias is removed from IASI observations, the TOC RMSE de-
creases from 40 (control run) to 20% (analysis) in the tropics
and from 22 to 17% in the Northern Hemisphere (30–60◦ N)
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a) b)
   Control run
   MLS+IASI analysis
1 - Global UTLS
2 - Global TOC
3 - 90S-60S UTLS
4 - 90S-60S TOC
5 - 60S-30S UTLS
6 - 60S-30S TOC
7 - 30S-30N UTLS
8 - 30S-30N TOC
9 - 30N-60N UTLS
10 - 30N-60N TOC
11 - 60N-90N UTLS
12 - 60N-90N TOC
Number of ozone-sondes profiles:
Fig. 11. Global and zonal validation of MLS+IASI analysis partial columns (1000–225hPa as TOC and 225–70hPa as UTLS) versus
ozonesondes for the long analysis run (July–December2008); (a) Taylor diagram (control run in black, analysis in red) and (b) number of
used ozonesonde proﬁles.
Jul-Dec 2008 bias (model-sondes): Jul-Dec 2008 RMSE:
Fig. 12. Global and zonal validation of MLS+IASI analysis partial columns (1000–225hPa as TOC and 225–70hPa as UTLS) versus
ozonesondes for the long analysis run (July–December 2008). Leftmost 6 panels: bias (model sondes) normalized with the climatology
(control run in black, analysis in red). Rightmost 6 panels: RMSE normalized with the climatology.
whereas it slightly increases (1–2%) at other latitudes, prob-
ably due to residual IASI biases. Overall, the combined as-
similation of MLS and IASI improves the correlations with
ozonesonde data for both the UTLS and TOC columns at al-
most all latitudes and increases the agreement with OMI total
ozone column measurements. It is also found that the analy-
sis is not very sensitive to the parameterization of the back-
ground error covariance, due to the high temporal frequency
of IASI and MLS observations and the strong dependency of
the ozone ﬁeld on the initial condition. Finally a comparison
with hourly-resolved in situ measurements in the free tropo-
sphere shows that assimilating information with a coarse ver-
tical resolution increases the model variability but does not
ensure a better hourly analysis at a particular vertical level.
We conclude that the assimilation of IASI and MLS data
is very beneﬁcial in combination with a linear ozone chem-
istry scheme. The high frequency of IASI observations is
able to partially compensate for the model simpliﬁed tropo-
spheric chemistry, especially at low latitudes and also in re-
gions affected by strong seasonal emissions of ozone precur-
sors (e.g., biomass burnings). Such an assimilation strategy
provides reliable tropospheric and stratospheric ozone ﬁelds
and might be valuable for near-real-time operational services
and as benchmark for more sophisticated CTMs. Limitations
concern surface ozone, where IASI’s low sensitivity cannot
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Fig. 13. Global and zonal validation of MLS+IASI analysis versus ozonesonde proﬁles for the long analysis run (July–December 2008).
Leftmost 6 panels: bias (model minus sondes) normalized with the climatology (control run in black, analysis in red). Rightmost 6 panels:
standard deviation normalized with the climatology.
Mauna Loa, 19.54N, 155.58W Mauna Loa, 19.54N, 155.58W
Summit, 75.58N, 38.48W Summit, 75.58N, 38.48W
Fig. 14. Time series of hourly measured ozone mixing ratio (green dots) at the sites of Mauna Loa (MLO, 19.54◦ N, 155.58◦ W, 3397ma.s.l.,
US) and Summit (SUM, 75.58◦ N, 38.48◦ W, 3216ma.s.l., Greenland) in August/November 2008 and correspondent model predictions:
control run (black line), IASI+MLS analysis (red line).
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directly make up for missing ozone precursors emissions and
chemistry. However, IASI’s assimilation remains effective
whenthefocusisonthefreetroposphere.Futureapplications
of this system are the evaluation of tropopause ozone ﬂux, a
multi-annual climatology of global tropospheric ozone, anal-
ysis of major pollution episodes and prescription of chemical
boundary conditions for regional models. Possible improve-
ments of the IASI analysis might be obtained by assimilating
IASI radiances directly into the CTM, thus considering a dy-
namical a priori proﬁle in the radiance inversion, instead of
one issued from a climatology. Moreover, the development
of a 4D-VAR assimilation chain for the complete chemistry
model will allow in future to consider the feedbacks of satel-
lite ozone assimilation on other species.
Appendix A
On the inﬂuence of the ozone climatological relaxation
A linear ozone chemistry scheme has been employed in this
study (Sect. 3). The main drawback of this scheme is that
the modeling of tropospheric ozone sources, sinks and chem-
istry is missing. These processes are replaced by a relaxation
to a zonal climatology to avoid tropospheric ozone accumu-
lation due to the vertical transport during long simulations.
This appendix clariﬁes the deﬁciencies of the climatolog-
ical relaxation within the adopted data assimilation frame-
work. For example, the climatological relaxation counteracts
the assimilation increments and might lessen the adjustments
produced by observations.
A model simulation has been initialized on 5 July 2008 at
00:00UTC using the ozone ﬁeld calculated from the 6month
analysis (Sect. 4.3.2). On this date the ozone ﬁeld has been
well constrained by the observations assimilated during the
previous days (Fig. 10) and it represents an initial condition
quitedifferentfromthemodelclimatology.Startingfromthis
initial condition, a free model simulation of 24h is computed
and compared to a second one obtained with the chemistry
module deactivated. The latter represents the evolution of
a passive tracer. This permits the assessment of the impact
of the ozone chemistry on the temporal evolution of tropo-
spheric columns (1000–225hPa). The difference between the
2 free simulations after 12h is depicted in Fig. A1a. We re-
mark that the ozone partial column is decreased by 0.3DU
with regards to the global average, by a maximum of 1.8DU
at the tropics, where the relaxation term is stronger due to
the larger departures from the climatology. These values can
be compared with the increments produced by the observa-
tions assimilated in the analysis during the same time win-
dow (Fig. A1b, c). Increments are spread globally and peak
at about 8DU in magnitude. This example supports the hy-
pothesis that the chemistry relaxation term plays a relatively
minor role, given the global coverage of IASI observations.
a)
b)
c)
O3 COLUMN DIFFERENCES AT 12 UTC
DUE TO LINEAR CHEMISTRY 
4D-VAR COLUMN INCREMENT AT 
00 UTC
DU
DU
IASI OBSERVATIONS ASSIMILATED 
BETWEEN 00 AND 12 UTC
Fig. A1. Variability of ozone tropospheric columns (1000–225hPa)
during one assimilation window (12h) on 5 July 2008: (a) differ-
ence between a free simulation with linear ozone chemistry and a
freesimulationwithchemistrydeactivated(passivetracer)after12h
of integration, (b) increments added at 00:00UTC by the assimila-
tion of satellite observations, (c) IASI observations assimilated dur-
ing the ﬁrst window (00:00–12:00UTC). IASI values are computed
as in Fig. 3. Dark blue/red colors in (a) and (b) are reserved for val-
ues lower/greater than −6/6DU. Dark blue/purple colors in (c) are
reserved for values lower/greater than 9.1/50DU.
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